The maturity group (MG) system is widely used to group soybean [Glycine max (L.) Merr.] varieties based on their growth periods and photothermal responses. However, there is still no universal standard or quantifiable methodology for MG classification. In this study, phenological traits of 107 Chinese, 4 Far East Russian representative soybean varieties, and 113 North American reference varieties covering 13 MGs were evaluated at eight locations (ranging from 30 to 50° N) in four ecoregions of China for two consecutive years (2014 and 2015). Relative maturity groups (RMGs) were attributed to all the varieties based on the linear regression models. To decimalize the RMG values of the early-maturing varieties belonging to MGs below 0, negative values were defined for MGs 00, 000, and 0000. The additive main effects and multiplicative interaction (AMMI) model was used to screen 185 standard candidate varieties for MGs 0000 to VIII. This study provided a systematic and quantifiable methodology for RMG identification in soybeans. The methodology is expected to be widely adopted by soybean regionalization and germplasm exchanges throughout the world and will be helpful for characterizing the photothermal sensitivity and adaptability of the given soybean varieties.
and Allard, 1920 Allard, , 1930 . Due to its photoperiod-sensitive responses, the environmental adaptability of a given soybean variety is restricted to a relatively narrow range of latitudes (Garner and Allard, 1920; Morandi et al., 1988; Han et al., 2005; Zhang et al., 2007) . Soybean varieties grown in their optimum adaptation region can exhibit optimal agronomic traits and yield potentials. By contrast, they may also show inhibited growth or delayed maturation, causing low yield (Boyer et al., 2015) . For example, if an early-maturing soybean variety from high-latitude regions is grown in low-latitude regions, its flowering will be hastened and its vegetative growth and yield will be reduced. Conversely, when a late-maturing variety from low latitudes is grown at a high latitude, its vegetative growth will increase and its flowering and seed maturity will be delayed, subjecting it to killing frost. Therefore, determining the optimal growth period and varieties for specific latitudes is of paramount importance to soybean breeders and growers (Zhang et al., 2007) .
The time from emergence to flowering and maturity is among the most important agronomic characteristics for determining a soybean variety's adaptation to different latitudes (Hartwig, 1970) . However, this characteristic is location specific since it may be different for the same cultivar under different photothermal conditions (Cober et al., 2001) . Under different photothermal conditions, the characteristics of different varieties may be similar (Wang et al., 1987) . Thus, there must be unified criteria for rating the characteristics of soybean varieties.
In North America, a maturity group (MG) classification system has been developed, and soybean varieties are classified into 13 MGs ranging from MG 000 for the very early-maturing varieties to MG X for the latest-maturing varieties (Hartwig, 1970; Edwards and Hartwig, 1990) . The MG range should probably be extended because extremely early-maturing varieties were recently described as MG 0000 (Jia et al., 2014) . The difference in days to maturity between two adjacent MGs is approximately 10 to 15 d in an optimal area (Caldwell, 1973) . Furthermore, a relative MG (RMG) identification system was developed by the soybean breeders from the public and private sectors in the United States in the early 1980s. The general explanation for the basis of the system included the given latitude (?42° N) and the calendar month of September. Each subdivision of the RMG scale was said to correspond to a day in September (Kleinjan, 2015) . For example, a RMG 2.7 soybean could reach physiological maturity at 42° N latitude on 27 September. The rating system has evolved over time and been applied on a broader area, and it is currently defined as gradations within MGs formed by adding a decimal to the MG number (Zhang et al., 2010) .
The use of the MG or RMG as an effective rating that is designed to account for all factors affecting the length of time from planting to maturity has been well characterized and applied in soybean production (Gai et al., 2001; Dardanelli et al., 2006; Alliprandini et al., 2009; Langewisch et al., 2017) . However, the scientific and commonly used methodology for calculating the RMG value of soybean varieties in different ecological environments has never been precisely described anywhere. The MG or RMG value of a new variety is obtained by referencing or comparing it with that of an old variety with a known MG or RMG value (Zhang et al., 2007) . Alliprandini et al. (2009) first evaluated the RMG of 98 late-maturing commercial cultivars that were cultivated in Brazil by using estimated regression models of the RMG and the number of days to maturity based on the varieties with known RMG values, providing a new methodology for precise MG classification. A recommended list of the most suitable reference soybean varieties for MGs V to X has also been provided according to the stability assessment (Cavassim et al., 2013b) . However, the methodology has not been verified and adopted in regions with higher latitudes than Brazil, and the reference varieties described by Cavassim et al. (2013b) are clearly not adequate for assessing the RMGs for all the ecotypes of soybeans grown over a wide range of the world. Moreover, the text-like description of the RMG for soybean varieties prior to MG 0, such as MG 00.1, MG 00.2, …, and MG 00.9 for MG 00 soybeans, could not be the regression model parameter (Zhang et al., 2007) . Accordingly, the selection of a complete set of RMG standard varieties and methodological modifications for the precise classification of MGs in soybeans are urgently required.
China is one of the major soybean-producing countries with the richest germplasm resources in the world (Hartwig, 1970) . Soybeans are grown over a broad latitude range (from approximately 20 to 53° N) under great variations in environmental conditions (Pu and Pan, 1982; Song et al., 2016) . Chinese soybeans were previously grouped by geographical adaptation area, maturation time, or sowing season (Ren et al., 1987; Hao et al., 1992) . Gai et al. (2001) pioneered the use of an international MG classification system in China and assigned 256 Chinese soybean landraces to 12 MGs (MGs 000-IX) by comparing the days to maturity using US MG reference varieties. Although an effort was made to convert Chinese soybean varieties to an MG system equivalent to the system used in the United States, this concept has not been adopted for Chinese soybean production and extension systems (Wang et al., 2006; Wu et al., 2012; Hu et al., 2016; Liu et al., 2017) . The major reason is a lack of local reference cultivars and a uniform methodology for the MG classification. The diverse ecotypes across China and the wide MG range (MGs 0000-IX/X) of Chinese soybeans provide favorable conditions for studying the RMG identification system (Gai et al., 2001; Jia et al., 2014; . The aim of this study was southern multiple cropping region (SMC), respectively. The field experiments were arranged in a randomized complete block design with three replications. The experiments were planted during the spring growing seasons between 9 April and 19 May. Single one-row plots that were 1.5 m in length and 30 cm apart were used. The management of the field experiments was performed according to recommended agronomic practices. Five plants of each variety were chosen randomly from each row, and the data were collected at the vegetative stage of emergence (VE) and the reproductive stages of beginning bloom (R1) and physiological maturity (R7), which was the date that one normal pod at any node on the main stem reaches its mature pod color (brown or tan) as described by Fehr and Caviness (1977) .
Statistical Analysis
An ANOVA was performed for each separate location. The days to physiological maturity (DPM) of a variety was the mean of the five plants. The RMG for all the varieties at each location was calculated using a linear regression of DPM on the assumed RMG, in accordance with Alliprandini et al. (2009) . Reference varieties for each MG were used to calculate the DPM regression. The RMG values for MGs 0 to X were defined from 0.0 to 10.9, whereas the RMG values of MG 0000, MG 000, and MG 00 were defined from −3.0 to −2.1, −2.0 to −1.1, and −1.0 to −0.1 (³−3.0, <−2.0; ³−2.0, <−1.0; ³−1.0, <0.0), respectively, for the calculations (Table 2) , and they were expressed as MG m3.0 to MG m2.1, MG m2.0 to MG m1.1, and MG m1.1 to MG m0.1 in the text. The stability parameters were determined using the additive main effects and multiplicative interaction (AMMI) model (Cavassim et al., 2013a (Cavassim et al., , 2013b , and they were analyzed using SAS version 9.2 (SAS Institute, 2010). The AMMI stability values (ASV) were calculated using the following model:
where SS IPCA1 is the sum of the squares of the first axis, SS IPCA2 is the sum of the squares of the second axis, and IPCA1 and IPCA2 are the respective principal component analysis (PCA) scores. Varieties with lower ASV values were considered more stable (Cavassim et al., 2013a (Cavassim et al., , 2013b .
to establish a complete and commonly used RMG identification system, which would include the clarification of appropriate identifying locations for different MGs, the modification of the methodology for the RMG calculation, and the selection of a set of continuous digital RMG standard varieties covering all the MGs. The system is expected to be adopted widely in soybean producing regions throughout the world, and it will assist soybean producers in making variety-related decisions.
MATERIALS AND METHODS

Plant Materials
A total of 224 soybean varieties from MGs 000 to X, consisting of 113 North American MG reference varieties ( Supplemental  Table S1 ), 107 Chinese varieties, and 4 Far East Russian varieties ( Supplemental Table S2 ), were used in this study. A set of US reference varieties with continuous RMG were selected based on the reports of USDA Uniform Soybean Tests (southern and northern states) in different years and the information from the Germplasm Resources Information Network (GRIN, https://npgsweb.ars-grin.gov), which is a website of the USDA National Genetic Resources Program containing the database for the holdings of all plant germplasm collected by the National Plant Germplasm System (National Research Council, 1991) . The seeds of these varieties were obtained from the USDA-ARS Germplasm Collection. Two types of Chinese varieties were tested in this study: the current check varieties of regional variety trials (uniform tests) at national or provincial levels, and the released varieties with broad planting area. The four Far East Russian varieties were originally planted in the Heilongjiang (Amur) River valley. The origin and year of release for the Chinese and Russian varieties are presented in Supplemental Table S2 .
Field Experiments
Field experiments were conducted at eight sites in China in 2014 and 2015 (Table 1 ). The soybean reference varieties from MGs 000 to I, 00 to III, II to V, and IV to VIII were planted in the northern parts of the northeast spring planting subregion (NNE), the middle and southern parts of the northeast spring planting subregion (MNE), the Yellow-Huai-Hai Valleys summer planting region (YHH), and the 
RESULTS
Days to Maturity for the Reference Varieties in Different Locations
The reference varieties of MGs 000 to 0 matured normally, whereas the MG I varieties failed to mature before the frost at the Heihe location in 2014 (Table 3) . The difference in maturity dates between two adjacent groups ranged from approximately 10 to 15 d. In 2015, the MG I varieties and some of the late-maturing varieties belonging to the MG 0 failed to mature normally due to the low temperature and the difference in sowing dates. All the MG 000 to I varieties matured normally, whereas some MG II varieties failed to reach maturity in Zhalantun. The difference in maturity dates between MG 000 and MG I ranged from 10 to 15 d. In Changchun, all the MG 00 to III soybean varieties matured normally, but the MG IV varieties failed to reach maturity.
The MG I to IV soybean reference varieties reached maturity normally in Beijing and Xuzhou, but a few of the late-maturing MG V varieties failed to mature in Beijing. The maturity date differences between MG II and MG IV were approximately 10 to 15 d. However, the difference in early-maturing MG 000 to I varieties was <10 d at these locations.
In the SMC region, the soybean varieties from MG IV to VIII matured normally in Nanchong and Wuhan, whereas some of the MG IX to X varieties, such as Jupiter (MG IX) and I.C.192 (MG X), failed to mature after 200 d of growth at both sites. In Wuhan, Jupiter-R (MG IX) matured normally in 2014 but failed to mature in 2015. The differences between the two adjacent groups in terms of maturity dates were diverse. The difference between MG IV and MG V was >20 d, whereas it was <10 d between MG VIII and MG IX. The maturity dates of some reference varieties in the two sites were significantly different from those in North America. For example, CIGRAS-06, belonging to MG X (GRIN, https://npgsweb.ars-grin.gov), matured earlier than most of the MG IX varieties at both sites, and they were similar to the MG VIII varieties. results of a linear regression significance test (F test) showed that there were significant relationships between the DPM and RMG in all the linear regression models for the 16 environments (P < 0.01). For NNE, MNE, and YHH, the R 2 values of the models in 9 out of 12 environments
Establishment of DPM and RMG Linear Regression Models for Soybeans
Based on the trials from the 16 environments (eight sites and 2 yr), regression equations for the soybean DPM and RMG were established for each environment (Fig. 1) . The were >0.9, implying that the regression line fit the data well. In three environments set in Heihe in 2015, Changchun in 2014, and Xuzhou in 2015, the models had lower R 2 values, probably due to unusual weather conditions or diseases. Although the R 2 values of the four models in the SMC were appreciably lower than those of the other regions, a majority of them were also ?0.9.
Precise RMG Classification of Soybean Varieties
The RMG of all the materials involved in this study ranged from MG m2.1 to MG 8.8, except the five extremely late varieties, which could not mature normally ( 
Stability Analysis of Soybean Varieties from Different MGs
Considering the effects of the genotype ´ environment interactions on the growth period performance of soybeans, the stability of the varieties is also used as a reference for standard variety selection. According to the AMMI analysis, for all the MGs, the first principle component represented 37.7 to 66.6% of the interaction. The second principle component represented 11.0 to 44.8% ( Supplemental Table S3 ). With only two principle components, it was possible to explain the genotype ´ environment interaction for RMG in 60.9 to 97.5% of the interactions. The AMMI 1 biplot shows the interaction effects from the IPCA1 and RMG mean values of different varieties for each MG (Fig. 2) . Varieties with IPCA1 scores close to zero have small interactions and hence show broader adaptations to the tested environments. For all the MGs, the majority of the cultivars had low ASV values (<1.0, Supplement Table S3 ) and similar responses across environments, which could be suggested as the most suitable standard varieties for each MG for building regressions to classify new varieties. All the 185 standard candidate varieties of MGs 0000 to VIII are listed in Table 4 . Thirty-four varieties showed inferior performance in terms of environmental stability and should not be considered as reference varieties for RMG classification (G1-34 in Fig. 2 ).
DISCUSSION
China has been shown to be the global center of origin for the cultivated soybean (Hymowitz and Newell, 1981; Abe et al., 2003; Han et al., 2016) , with an abundance of soybean germplasm resources covering almost all the MGs . Some Chinese germplasm resources have been introduced to several countries, such as the United States (Ray et al., 2015) . In China, the conventional way to classify soybean varieties separates them into spring, summer, autumn, and winter planting groups according to the soybean planting seasons (Pu and Pan, 1982) , or into early-, middle-, and late-maturing groups (Ren et al., 1987) , which was not adequate for comparing the relative maturity of the varieties from different ecological regions. Modifying and extending the RMG classification system in China is of paramount importance to both Chinese and global soybean breeding and production. Given that the feasibility of MG identifications for introduced varieties in China has been explored in previous studies, the RMG system established in this study is expected to be used to classify soybean varieties all over the world. Because of the sensitivity to photoperiod, the soybean varieties are adapted for growing over a relatively narrow latitude range. Therefore, it is difficult to identify the MGs of all the ecotype varieties under natural photothermal conditions at the same location. To select the best locations for RMG identification, we conducted field experiments at eight sites ranging from northern (50° N) to southern China (18° N, Table 2 ). Four locations, namely, Heihe (50° N), Changchun (44° N), Beijing (40° N), and Wuhan (31° N), were recommended for the precise identification of MG 0000 to VII soybeans in those areas. Among the locations, Heihe (50° N) was suitable for identifying MG 0000 to 00 soybeans grown at relatively high latitude (above 47° N) regions, such as the NNE region in China, the Russian Far East ( Jia et al., 2014) , and northern Europe (Kurasch et al., 2017) , as well as Ontario, Canada (Field Crops Team, 2011). Changchun (44° N) was suitable for the identification of MG 0 to II soybeans planted in the MNE region in China, northern Japan (Liu et al., 2017) , parts of southern and central Europe (Kurasch et al., 2017) , and the northern region of the United States (Mourtzinis and Conley, 2017) . Beijing (40° N) was recommended as the optimal location for identifying MG II to IV soybeans grown in the YHH and northwest regions in China, central and southern Japan (Liu et al., 2017) , and the central regions of the United States (Mourtzinis and Conley, 2017) . Wuhan (31° N) was proposed as the identification site for MG V to VII soybeans adapting to South China and some southern parts in the United States (Mourtzinis and Conley, 2017) , as well as the southern and central parts of Africa (Liu et al., 2017; Khojely et al., 2018) and South America (Alliprandini et al., 2009 ). Since the extremely late soybean varieties MG VIII to X could partially mature in Wuhan and Nanchong, we suggested that Sanya (18° N) in South China should be the candidate location for identifying MG VIII to X soybeans grown in subtropical and tropical regions such as South China, Southeast Asia, the central parts of Africa, the southern parts of North America, and the northern parts of South America and northern Australia (Alliprandini et al., 2009; Liu et al., 2017) .
This study proved that the RMG rating methodology including the regression and AMMI analysis described by Alliprandini et al. (2009 ) and Cavassim et al. (2013a , 2013b could be used on a broader scale in soybean MG classification. However, it is difficult to digitally quantify RMG values for the MGs earlier than MG 0. Negative values for expressing the RMG values of MGs 00, 000, and 0000 were applied for the first time in this study to avoid the trouble with data entry and confusion during the interpretation of statistics and data interpretation caused by the traditional expression in the North American MG classifying system. More importantly, the application of negative values continuously digitalized the RMG and made it convenient for data analysis. The continuously quantified RMG of the genotypes could be plugged into equations for predicting the effects of the photoperiod and temperature on soybean phenology for different genotypes. This information will be very useful in modeling and soybean management.
The Student's t test method was used for comparing the evaluated RMG values of the 83 North American soybean varieties with the original values by pairwise test. The correlation coefficient between the two sets of data reached 0.99 ( Supplemental Table S4 ), indicating the equivalence of both systems and the reliability of the classification present in this study. Additionally, the MG results of some Chinese and Russian varieties evaluated in this study were consistent with those of previous studies (Jia et al., 2014) . The MGs of 16 varieties evaluated in this study were also completely consistent with the results of Liu et al. (2017) . However, several varieties showed one early or late group from the previous study. Some previously reported MG IX and MG X varieties introduced from North America were identified as the earlier MGs (i.e., MG VII or MG VIII in this study). These inconsistencies could be partly explained by differences in the classification methods. Additionally, these varieties stayed in the field for longer, making them more vulnerable to biotic and abiotic factors, which hinders a more accurate assessment of their maturity. Further studies including assessments of more late-maturing varieties and testing sites in low-latitude regions will be very important. Given that the MG X varieties were not identified in this study or in related research in Brazil by Alliprandini et al. (2009 ) and Cavassim et al. (2013a , 2013b , the existence of MG X soybeans requires further verification.
An understanding of soybean RMG is important for farmers and breeders to select the varieties best adapted Hutcheson (6.0), R01-3474F (6.1), Zhongdou 38 (6.3), Desha (6.5), Dillon (6.5), TN03-350 (6.6), D95-6271 (6.7), NC-Roy (6.7), R01-2731F (6.8), Stonewall (6.8) VII 28 Boggs (7.0), Santee (7.0), Benning (7.0), G01-PR16 (7.1), Nanxiadou 25 (7.1), Nancaidou 27 (7.2), Foster (7.2), Motte (7.2), CIGRAS-06 (7.2), Dowling (7.3), Nannong 99-6 (7.3), CIGRAS-51 (7.3), Hagood (7.3), Nanheidou 26 (7.4), IAC-8 (7.4), Gongqiudou 7 (7.4), Maxcy (7.4), Nanheidou 20 (7.4), Prichard (7.5), Cook (7.6), FT-4 (7.6), Nandou 16 (7.7), UFV-8 (7.7), Nandou 17 (7.8), Alamo (7.8), Gongqiudou 4 (7.9), Nandou 12 (7.9), UFV-3 (7.9) VIII 4 Nandou 18 (8.0), 3), Jupiter-R (8.6), Jupiter (8.8) to their producing areas, and to find the optimum area for a given variety to be grown. The adapted varieties can range from one-half MG (e.g., RMG 1.5 to 2.0) to one full MG (e.g., RMG 1.0 to 2.0) for a given location. Planting varieties from a range of MGs reduces the risk of yield losses due to pests and environmental stresses occurring during the growing season.
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